The article summarizes contemporary scientific knowledge of depleted uranium effects on human health due to its use in military conflicts. The discussion covers cases of minimal risk due to external irradiation resulting from the storage and handling of depleted uranium ammunition and, in contrast, important toxicological and radio-toxicological risks of late effects resulting from the inhalation and ingestion of dust particles produced by the burning of the core of the anti-tank ammunition.
Introduction
Uranium has been part of our planet's crust since it was formed and is present in variable amounts in its rock, soil, air and water. Uranium enters our bodies via the air we breathe, the food we eat and the water we drink [1] .
Uranium is a chemical element with the proton number 92 and a molar mass of 238.03 g/mol. It is an alpha-emitting, radioactive and silvery-white heavy metal. Natural uranium consists of three different isotopes (99.284% U-238, 0.711% U-235 and 0.005% U-234) with a specific activity of 0.68 μCi/g [2] . All of the uranium isotopes are radioactive. Uranium also possesses a number of special characteristics. It has a high density (19. 07 g/cm 3 ), only moderately lower compared to tungsten (19.30 g/cm 3 ) and OPEN ACCESS higher compared to lead (11.35 g/cm 3 ). Metallic uranium is chemically considerably reactive; in powder form, it can be spontaneously ignited [3] . It is of importance to mention that in the human body, there is about 0.1 mg of natural uranium [4] , which is a natural component from exposure to uranium found in food, water and air.
For nuclear engineering purposes, uranium ore is used in a number of processes, and from its concentrate, enriched uranium is obtained, which is a basic raw material for the manufacture of fuel elements used in nuclear power facilities. The industrial process of enrichment separates natural uranium into enriched uranium (increased percentage of U-235) and depleted uranium (decreased percentage of U-235; the resulting concentration of U-235 ranges from about 0.2% to 0.3%) The process of enrichment also increases the percentage of U-234 (thus, enriched uranium is more radioactive); depleted uranium (DU) has a decreased percentage of U-234 and is less radioactive [2] . Typically DU contains as much as 70% less U-235 and as much as 80% less U-234 than does naturally occurring uranium. DU radioactivity is about 40% lower than that of natural uranium (see Table 1 ). The specific activity of uranium alone in DU is only 14.80 Bq per mg compared with 25.40 Bq per mg for natural uranium (see Table 2 ). DU is approximately three million times less radioactive than Ra-226 found in luminescent clocks and watches and 10 million times less radioactive than Am-241 found in smoke detectors [4] . Table 1 . DU isotopic abundance and characteristics (data from [5, 6] ). Table 2 . Comparison between the activity of natural uranium and DU (0.2% U-235) (adapted from [5] 
Ammunition with Depleted Uranium
For military purposes, DU is used in protective armor (for armor plating). In combination with its high density, the material is also suitable for the design of ammunition, since projectiles made of it can be smaller, achieve a higher velocity, have a longer firing range and can easily penetrate through armored plates [3] . In terms of using DU for penetrating ammunition, in addition to the large amounts available and low prices, there are advantageous mechanical characteristics, particularly its unusual density, which is considerably higher, even in comparison with tough and high-alloyed steel.
Ammunition with DU has a further advantage enhancing its efficacy. Uranium particles are ignited at the time of the penetration of a sub-caliber projectile through the armor, thanks to high temperatures. In this way, about 20% of the projectile mass is burnt and the burning fragments hit the vehicle interior, thus multiplying the destructive effect of the hit. The effect in the target or inside of the military vehicle is thus a combination of the kinetic energy and high temperature, acting not only by the temperature of the burning metal, but also secondarily by effects of the fire produced [3, 7] .
There are four main types of DU munitions acknowledged as being currently in circulation, the 25 mm, 30 mm, 105 mm and 120 mm anti-tank rounds. Small amounts of DU have been used in the manufacture of other munitions. A 30 mm round fired from a ground attack aircraft contains a 0.28 kg DU penetrator and 120 mm rounds fired from heavy tanks fire contain a 4.7 kg DU penetrator [8] . This information allows us, at least some general and preliminary estimates of the total amount of the DU used and dispersed and the potential problems for humans and environment in long-term military conflicts, where in addition, a whole complex of weapon systems is employed, and the majority applies ammunition with DU [9] .
In civil applications, DU is used in stabilizers (counterweights) in aircrafts and boats, in the mining industry for the manufacture of drilling devices in petroleum mining, in shielding containers for rods of spent fuel from nuclear power plants, for the manufacture of radiation shielding (radiation shielding) in medicine, and many further commercial applications.
Military Use of Depleted Uranium
Weapons with DU were used to a considerable extent in the Persian Gulf War (1990 War ( -1991 . About 50 metric tons of DU were fired during tank battles and 250 tons in air to ground attacks in Kuwait and southern Iraq over an area of about 20,000 km 2 [7] . A considerable proportion of soldiers of the land contingent of the allied forces, who resided for a number of months in the territory of Saudi Arabia and then in Kuwait and Iraq, originally reported unexplained health problems, for which the term Gulf War syndrome was adopted [5] . All of the analyses agree that there was the presence of the combined effects of the desert environment with climatic conditions (characterized by high daily temperature changes and high temperatures in general), associated with the stress induced in military professionals, which was potentiated by the expected possibility of the use of chemical warfare agents on the part of Iraq. The health condition of part of the troops was negatively affected by the multiple fires of the Kuwait petroleum fields, the excess use of prophylactic antidotes and vaccines, along with effects resulting from the use of the ammunition with DU [9] . As a result of the Gulf War, there were also some complaints about an increasing incidence of cancer in the civil population in south Iraq [10] .
A further mass use of the anti-tank ammunition containing a DU core in NATO military operations was encountered in Bosnia Herzegovina in the mid-1990s and in aircraft operations against the Federal Republic of Yugoslavia in association with the crisis in Kosovo and Metohija. Through the course of the war in Bosnia Herzegovina (1994-1995), U.S. aircraft fired some 10,000 rounds of ammunition with DU (2.75 tons), and in the course of the bombing of serbian and pro-serbian troops in Kosovo (1999) by the allies, more than 31,000 rounds of ammunition comprising about 8.5 tons of DU were shot [3, 10] . In some individuals from several NATO countries, who participated in land operations in these military conflicts, and in the civil population, including children in the area involved, there was an enhanced incidence of malignant diseases of the hematopoietic system and the gastrointestinal tract. The term Balkan syndrome is associated with this [5] . Opinions of whether this is actually a consequence of using DU or not, however, differ.
In spite of this, the continuing use of DU weapons in the war in Afghanistan (2002) and in the second Gulf War (2003) led to more intense research of their toxic and radiotoxic effects [11, 12] .
Health Risk Associated with Depleted Uranium
Not only the use of the DU ammunition in war conflicts, but also the manufacture of the ammunition core itself (a metallic pointed cylindrical rod of DU) represent a potential safety and occupational hygiene hazard, since the production by conventional machinery is associated with a risk of ignition and the production of toxic and radiotoxic aerosols of the oxidation products. Contemporary industrial production is, however, able to manage these complex technological procedures to make them as safe as possible.
Handling associated with the DU ammunition presents no major problems, because during the incorporation of the core into the grenade and its assembling the possibility of external irradiation is negligible with respect to the range of the α-radiation emitted.
Storing and handling of the ammunition before its use is relatively safe, but a variety of health and ecological problems are encountered after the hitting of the target, where the kinetic energy is vigorously converted to heat, due the material deformation and friction. The high temperature generated by the impact with steel ignites the surface of a DU penetrator, and the projectile sharpens as it melts making it better able to pierce heavy armor. The basic profile of healthcare and the rather irreversible damage in the crew of the warfare vehicle hit is a combination of mechanical trauma and extensive burns, primarily from the kinetic energy of the projectile and burning metal, as well as, secondarily, caused by the fire of the vehicle and exploding ammunition. Combustion products cause irreversible damage in the respiratory tract.
In addition to the above-mentioned acute effects, which are the most crucial for the fate of the crew of the vehicle destroyed, in the case of the use of the ammunition with a DU core, it is possible to encounter toxicological and radiologic risks in the area of the target and its surroundings. In the course of the core combustion, an aerosol of the smoke of burning oxidation products is produced. Studies have shown that DU penetrators hitting armored targets convert 17%-28% of the projectile mass into DU aerosols [7, 13, 14] . This is a mixture of uranium oxides, UO2, UO3 and U3O8, which are important in terms of pathological physiology [6] . Through particular points of entrance, uranium oxide particles enter the organism, which exert a considerable chemical toxicity, on the one hand, and also weak radioactivity, on the other. However, it should be noted that aerosols produced by the impact of DU penetrators on armor will contain not only DU, but also other metals present in the target.
The radiotoxicity represents a risk of chronic, late effects due to the internal irradiation of sensitive organs with uranium oxides and their daughter products. Radiation exposure can originate either from external sources, e.g., in an area contaminated with uranium from projectiles that missed their targets, or deposited uranium oxides released from damaged tanks, as well as from internal sources, like uranium taken up by inhalation of uranium oxides aerosols or the ingestion of contaminated food or water [7] .
The aerosol cloud that is released at the moment the target is hit by the ammunition and for a short time period after that is particularly dangerous. Moderately radioactive dust components settle to the ground surface after the explosion, and by the action of rain and wind, they contaminate the soil and can enter underground water [15] . The DU can thus enter the human organism through the food chain.
Children are particularly vulnerable to uranium exposure; contact with DU in war zones or groundwater contamination are the most likely exposure scenarios [16] .
Fate of Depleted Uranium in the Organism
DU can be taken into the body through inhalation, ingestion, wound contamination and injected fragments. Generally, absorption is increased with the increased solubility of the compound. Uranium oxides (U3O8, UO2) are relatively insoluble while uranium trioxide (UO3) is more soluble [12] .
During inhalation, DU particles are captured in the oropharynx and are either swallowed or reach, depending on their size (aerosol mainly comprises particles of micrometer size), the lower airways [7, 17, 18] , where they are subjected to alveolar absorption [11] . Thus, they represent a considerable health risk. The dust of uranium oxides has a biological half-life in the alveoli of about 3.85 years [19] . The penetration of the particles down to the lung alveoli occurs in particle sizes up to 5 μm. The general opinion is that the inhalation of the dust is the most important means of exposure [20] . Importantly, research based on uranium processing plant workers has estimated that only 1%-5% of inhaled uranium particles will actually reach the lungs [1] . Uranium compounds entering the organism through the gastric wall or lungs are degraded in body liquids, where tetravalent uranium is oxidized to hexavalent uranium and uranyl ions are produced [12] . After absorption, uranium is included in a series of chemical reactions, leading to the production of oxides, hydroxides or carbonates [6] . In terms of a special uranium metabolism, there is a considerable production of complexes with citrates, bicarbonates and plasma proteins [21] and deposition, particularly in the bones, liver, kidneys and further tissues, which can result in unexpected pathological physiological processes, due to the chronic exposure. DU passes through the hematoencephalic barrier and is accumulated in the cerebral cortex, depending on the entrance way [22, 23] .
A further potential exposure of organisms to DU can occur through open wounds, shrapnel or through contact with the skin [24, 25] . Fragment sizes of 1 cm and above are indicated for surgical extirpation. Large fragments and others that are easily accessible, such as in soft tissue, are removed where possible to minimize the amount of uranium that will remain in fragments in the body. Over time the fragment sizes will decrease as the uranium leaches from these fragments [12] .
DU is eliminated in urine, and thus, the kidneys belong to the group of the most damaged organs. The fact that uranium can be detected in the urine as long as nine years after exposure is a sufficient demonstration of the long-term internal contamination and tissue deposition of the substance in the organism [26, 27] .
Depleted Uranium Toxicity
Differences in the DU toxicity are associated with its solubility [12] . Soluble forms of uranium, which are absorbed within a few days, are rather associated with chemical toxicity, whereas the insoluble forms, which are typically absorbed for time periods of months to years, are associated with radiation toxicity [5] . Insoluble compounds are hazardous to the respiratory system (degeneration of the lung epithelium, hemorrhage) and soluble compounds are particularly renal toxins (they are manifested by the degeneration of the functional parts of the kidneys and by damaging the gastrointestinal tract).
Given the physical-chemical characteristics of DU, it is impossible to accurately separate possible toxic effects of the action of DU in the human organism from factors that are associated with the radiation toxicity. These are typically mutagenic effects, which can be theoretically included into both groups of toxic effect manifestations.
Radiation Toxicity
Radiation toxicity is the decisive factor for long-term damage to the organism due to the slow absorption of uranium oxides by the lungs and the long-term retention in tissues of important visceral organs.
The radiologic toxicity of DU comes from the absorption of sufficient energy from ionizing radiation to change the structure of molecules within cells, including their DNA. The damage caused can be beyond the cell's capacity to repair itself. These cells may die, or the damaged cells may lead to cancer, or, if the reproductive cells are involved, to genetic changes [1] .
Chronic effects of deposited uranium oxide particles are induced by the internal irradiation of sensitive organs in the course of radioactive disintegrations, which are all accompanied by alpha-particle radiation [3] . Alpha particles are a form of ionizing radiation; they do not have the capacity to penetrate the outer layer of the skin. Consequently, they only pose a radiation risk when they are taken into the body [1] .
The main radiologic risk from inhaled DU is the development of lung cancer as a result of alpha radiation, but it has been estimated that it takes at least 10 years after exposure and perhaps even longer before this risk is realized [1] . By virtue of the fact that ingested DU is excreted rapidly, the exposure of it, as opposed to inhaled DU, does not pose a serious radiological risk [1] .
Chemical Toxicity
The uranium chemical toxicity is independent of its isotopic abundance and is thus identical in the natural, enriched, as well as DU forms.
The chemical toxicity is characterized by general health problems, which are induced by changes in the kidneys, liver, lungs and the hematopoietic system. Depending on the chemical form, the LD50 of uranium for a man was found to be about 14 mg/kg [20, 28] .
The destruction of liver tissue and induction of hematological disorders have also been shown in certain studies in laboratory animals [9, [29] [30] [31] .
Laboratory studies, moreover, demonstrated that DU could induce immunological damage in rats, which were administered with a dose of DU of 130 mg/kg for a period of four months. The immunological damage was characterized by pathomorphological changes in immune organs and significantly lower thymic and splenic relative weights. In addition, higher uranium exposures also resulted in reduced numbers of peripheral lymphocytes, lower lymphocyte proliferation and reduced paw swelling [32] . The purpose of another study was to assess the immunological changes after long-term exposures to various doses of DU in mice. The results of this study also showed that a chronic intake of higher doses of DU (300 mg/kg) had a significant impact on the immune function, most likely due to an imbalance in T helper (Th), Th1 and Th2 cytokines [33] .
One of the most recent studies dealt with the underlying mechanisms of DU toxicity in liver mitochondria. In this study, liver mitochondria were obtained from Wistar rats treated with DU in the form of uranyl acetate (0.5, 1 or 2 mg/kg, administered intraperitoneally) by using differential centrifugation. During in vitro experiments, control rat liver mitochondria were incubated with different concentrations of uranyl acetate (50, 100 or 200 μM) for one hour. Uranyl acetate (a soluble salt of DU) induced succinate-supported mitochondrial reactive oxygen species production and elevated lipid peroxidation levels, glutathione oxidation and mitochondrial complex II inhibition. Uranyl acetate also induced mitochondrial permeability transition and an increase in cytochrome c release, which subsequently disturbed oxidative phosphorylation and reduced the mitochondrial adenosine triphosphate (ATP) concentration. Results of the study suggest that mitochondrial oxidative stress and the uncoupling of oxidative phosphorylation may play key roles in DU-induced hepatic toxicity [34] .
In comparison to other organs, the kidney is known as the most sensitive target organ to DU toxicity. After the ingestion or inhalation of high DU doses (acute exposure), acute renal failure occurs, due to tubular necrosis. After high-dose exposure, acute tubular nephritis is observed, as indicated by proteinuria and a decreased glomerular filtration rate. In several studies, disorders of the renal function and damage to the kidney structure were also demonstrated in rats due to a chronic exposure to low DU doses [35] [36] [37] . The results of in vivo and in vitro studies based on isolated rat kidney mitochondria showed that uranyl acetate-induced nephrotoxicity is linked to the impairment of the electron transfer chain, especially at complexes II and III, which leads to subsequent oxidative stress. Mitochondrial reactive oxygen species production contributes to the nephrotoxicity of uranyl acetate, as it leads to the failure of oxidative phosphorylation, ATP cellular declination, mitochondrial membrane potential disruption, mitochondrial swelling, damage to the mitochondrial outer membrane integrity and, finally, to the release of cytochrome c from mitochondria. In addition, increased reactive oxygen species production, lipid peroxidation, glutathione depletion and a potential collapse in the mitochondrial membrane were also observed in kidney mitochondria following uranyl acetate injection. These results can justify oxidative damage and nephrotoxicity caused by uranium compounds [38] .
During chronic exposures to low levels of DU, the use of some sensitive and specific biomarkers (substances that can be objectively measured and are recognized as indicators of normal biological or pathological processes), such as beta 2-microglobulin or tubular enzymes, would be useful, particularly when the injury is slight. Recent experimental studies in the laboratory showed the relevance of such new biomarkers as Kim-1 to detect slight renal injury [39] .
As already mentioned, nephrotoxicity belongs to the most considerable toxic effects of DU. Due to this, scientific experiments focused on the study of suitable antidotes for the case of intoxication with DU. Zinc is considered to be one of the most efficient antidotes in the case of poisoning with heavy metals. Its positive effects were also demonstrated in the case of the intoxication with DU, where pre-treatment with zinc significantly inhibited DU-induced cell apoptosis in human kidney cells (HK-2) [40] . In another experiment, the ability of two antioxidants, beta-glucan and butylated hydroxyl toluene, to prevent uranyl acetate-induced mitochondrial dysfunction by using isolated rat kidney mitochondria was examined. The results demonstrated that beta-glucan may be a mitochondria-targeting antioxidant and suggested this compound as a possible drug candidate for the prophylaxis and treatment of DU-induced nephrotoxicity [41] . In addition to antidotes, the elimination of uranium from the human body can be accelerated by the administration of chelating agents. One of the possible substances tested was BPCBG (N,N′-1,2-ethanediylbis[N-[(2,3-dihydroxyphenyl)methyl]]-glycine). In experimental studies, this substance exerted a higher efficacy compared to commonly used DTPA-CaNa3 (diethylenetriaminepentaacetic acid calcium trisodium) [42] .
DU neurotoxicity has not yet been definitely demonstrated in humans, but certain experimental studies in laboratory animals suggest that there is an association between the neurotoxic effects and DU exposure [22, 23] . There is also an experimental demonstration that DU causes behavioral effects, since after the DU exposure, the behavior of rats was affected [22, 43] . A recent laboratory study suggested that mitochondrial oxidative stress and the impairment of oxidative phosphorylation in brain mitochondria may play a key role in DU neurotoxicity [44] .
In experimental animals, the exposure to uranium inhibits the reproduction activity and disturbs intrauterine development. If uranium is administered orally or subcutaneously to mice, a reduction in their fertility can be observed. Teratogenic DU effects have not yet been definitely demonstrated in laboratory animals. There is also embryonic and fetal toxicity, and in the offspring, there is a reduction in the growth rate and the production of malformations, such as cleft palate and skeleton defects [24, 45] . The animals received diets comprising DU (4 mg/kg DU daily and 40 mg/kg DU daily) for four months prior to mating. After four months of exposure, there was a considerable drop in the pregnancy rate, normal delivery rate and survival rate compared to controls. These parameters fell by half to two-thirds, while no adverse effects were evident in controls. There were also statistically significantly higher DU levels in the ovaries and testes compared to the control generation. The sex hormone levels in the blood serum were also affected in both generations, and the levels of enzymes active in spermiogenesis were also significantly different between the two generations [46] .
Other studies using the offspring of female and male rats surgically implanted with DU pellets revealed no gross physical abnormalities attributable to prenatal uranium exposure. Elevations of the urinary uranium concentrations, confirming in vivo solubility of the implanted pellets, were observed in the parent generation. Neurodevelopment and immune function assessments of the first generation offspring were normal [47] . In a follow up study of the second-generation offspring, development was normal, and no gross abnormalities were observed. As with the first generation offspring, no instances of thorax malformation were observed at necropsy. In general, it appears that imbedded DU is not a reproductive or developmental hazard. However, the elevated heart masses of the first-and second-generation offspring suggest it may be precautionary to not totally discount the possibility of teratogenic effects [48, 49] . The results of another study suggest that implantation of up to 20 DU pellets of 1 × 2 mm size in rats for approximately 21% of their adult lifespan does not have an adverse impact on male reproductive success, sperm concentration, or sperm velocity [50] and on their general health and neurobehavioral capacities [51] . The effects on postnatal development and behavior were assessed in the offspring of female rats concurrently exposed to uranium and restraint stress. Adult female rats were administered uranyl acetate dihydrate in the drinking water at doses of 0, 40 and 80 mg/(kg day) for four weeks before mating with untreated males, as well as during pregnancy and lactation. The results of that study indicate that, in general terms, exposure of female rats to uranyl acetate dihydrate before mating with untreated males, as well as during gestation and lactation, did not cause relevant dose-related adverse effects on postnatal development and behavior of the offspring [52] .
Epidemiologic Study
Epidemiologic studies are essential for assessing the relationship between exposure to DU and health outcomes and should be focused on the health impacts for those in the civilian population and military veterans [1] .
No adverse health effect can be attributed to DU until it is first confirmed that an individual has really been exposed to DU. Presently it is not possible to accurately measure the amount of DU that a soldier might have been exposed to on the battlefield. The one exception is a cohort of U.S. soldiers involved in friendly fire incidents during the Gulf War, who still have DU shrapnel in their bodies and who have since been closely monitored [1] .
A biennial health surveillance program established by the U.S. Department of Veteran Affairs for a group of Veterans who had been exposed to DU during the 1991 Gulf War through friendly-fire incidents involving DU munitions and vehicles protected by DU armor, has shown continuously elevated urine DU concentrations in the subset of veterans with embedded fragments for over 20 years. Few clinically significant health effects were observed related to long-term, low-dose DU exposure from embedded shrapnel. Renal biomarkers showed minimal effects on proximal tubular function and cytotoxicity, and pulmonary functions remained within the normal clinical ranges [25] . Further scientific research performed in a population of veterans from the Gulf War (1991) showed that the inhalation of DU exposure did not induce long-term adverse pulmonary effects in the soldiers [53] . Likewise, no significant evidence of clinically important changes was observed in kidney or bone [54] . Based on the results of a study in which 35 veterans from the First Gulf War with embedded DU fragments and/or inhalation exposure participated, it is obvious that chronic exposure to DU did not induce chromosomal aberrations in the peripheral blood lymphocytes [55] .
Despite this, there are also epidemiological studies that found an increased frequency of micronuclei formation [56] or other chromosomal instability [57] [58] [59] in the exposed population and military veterans from wars in the Balkans and the Gulf War. Another study showed, for example, increased incidences of various types of cancer and birth defects among civilians living in those affected areas [60] [61] [62] [63] [64] [65] [66] . These studies suggest that DU exposure is either a primary cause or related to the main cause of congenital anomalies and increased rates of cancer.
It is difficult to detect an increased cancer risk due to radiation at doses lower than 100 mSv due to the excess risk at low doses being small in comparison to spontaneous rates of cancers of the same type [5] . As the increase in cancer occurrences being high (by a factor of two to five) in the above-mentioned cases, it is possible that these negative effects were also caused by other factors (e.g., biological or chemical agents, etc.).
After the various military conflicts in which DU was used, studies were conducted to evaluate whether there were/are grounds for concern about the health hazards of DU for military members and civilians. These epidemiological studies that have examined the levels of uranium in the urine of these groups have come to the conclusion that there were no significant exposure amounts of DU [67] [68] [69] [70] [71] .
Studies were not limited to only military field DU ingestion, but also examined civilian life, as in the case of the release of DU in fire. An example of this kind of events took place in 1992 in Amsterdam, as a cargo plane using DU as a ballast crashed. The plane was carrying 282 kg of DU as the ballast, but only 130 kg was recovered. It was assumed that the remainder was consumed in the fire, which created the possibility that uranium oxide particles had been dispersed through dust and smoke and were subsequently inhaled or ingested. A follow-up study, which began in 2000 and was attended by 2499 workers (firefighters, police officers, hangar workers) involved in the liquidation of the accident, revealed significantly elevated concentrations of uranium in their urine compared with untreated workers. Impaired renal function parameters were also found [72] .
From the results of most epidemiologic studies, it follows that the association between the use of DU ammunition and oncological or other diseases of soldiers from the Gulf War, as well as from the Balkan Wars [1, 73, 74] , has not yet been conclusively demonstrated. There is also no convincing evidence that the use of the DU ammunition is dangerous to the civilian population in areas of former military activity [1, 12, 75] .
Conclusions
Although individual scientific studies brought a number of negative DU effects from nephrotoxicity through potential mutagenic and carcinogenic effects, in general, epidemiologic studies performed on war veterans and civil populations are restricted to the small size of the samples and the heterogeneous natures of the groups. Similar drawbacks are also associated with studies dealing with DU teratogenic effects. Limitations of the datasets are again the inadequate sample sizes and statistical powers, inadequate exposure assessments and substantial potentials for recall biases and exposure misclassifications.
Important observations on the effects of DU might be derived from in vivo animal studies. For example, they may provide information on growth, reproductive capacity, cancer, neurobehavioral function and transplacental exposure. Animal studies focusing on the health effects of DU on the progeny's health might be useful for corroborating findings reported in epidemiologic studies.
The results of the above-mentioned studies suggest that the most important toxic mechanism of DU toxicity is the involvement of oxidative stress and reactive oxygen species. In the development of cellular oxidative damage to most types of mammalian cells, the major sources of reactive oxygen species are mitochondria and also key organelles. Experimental studies demonstrated a significant mitochondrial membrane potential collapse and mitochondrial swelling after DU exposure in different cell lines. Therefore, mitochondrial dysfunction and oxidative damage may be responsible for the pathological consequences of DU exposure in living organism.
The critical route of DU exposure in humans is through aerosol inhalation. The acute health risk is particularly due to the chemical toxicity. In addition to the chemical toxicity, DU exerts radiotoxic effects induced by α-particle radiation. The short range of this type of ionizing radiation is the cause of the relative safety of handling DU ammunition, but not in the case of ingestion or inhalation, as compared to other radiation types, i.e., β-radiation and γ products of global and local fallout from nuclear explosions.
It is important to pay extraordinary attention to this type of ammunition in its whole life cycle, i.e., from the development, production, storing, transfer, over peaceful use in tests and trainings through military practices. It is necessary to implement further studies, which would be focused on health and environmental risks associated with DU exposure, primarily oriented toward the local population and soldiers that were exposed to DU inhalation. A response to the question associated with the magnitude of the risk could be obtained from the combined results of laboratory and epidemiological studies.
